Background. The outbreak of novel avian H7N9 influenza virus infections in China in 2013 has demonstrated the continuing threat posed by zoonotic pathogens. Deciphering the immune response during natural infection will guide future vaccine development.
A novel avian H7N9 virus crossed the species barrier and caused a zoonotic epidemic in China in 2013 [1, 2] . This virus has reemerged repeatedly in a seasonal pattern, and to date >600 human cases of avian influenza A (H7N9) infection have been reported [3] . Because the virus continues to circulate in poultry, it still poses a serious public health threat [4] .
While humans are frequently exposed to seasonal influenza viruses, infections with avian influenza viruses are rare. Although 4 outbreaks of human H7 subtyped influenza virus (H7N7, H7N2, and H7N3) were reported before 2013 [5] [6] [7] , the magnitude and breadth of the serological neutralizing antibody (nAb) responses elicited during natural infection remain unknown [8, 9] . Our previous research showed that a heterosubtypic, broadly neutralizing antibody response could be boosted by 2009 H1N1 pandemic vaccination and infection [10] [11] [12] . It has been hypothesized that sequential exposure of humans to hemagglutinins with divergent globular head domains but conserved stalk domains could refocus the immune responses to broadly neutralizing epitopes in the stalk [13, 14] . Whether booster immunizations with divergent H7 influenza virus strains in the general human population can induce universally protective antibodies is still unknown. To date, the vast majority of stalk-reactive antibodies isolated from mice and humans neutralize group 1 hemagglutinin (HA)-expressing influenza viruses. The polyclonal humoral responses to conserved epitopes that are potentially found in group 2 HA stalk domains remain poorly characterized, with limited data for induction of these antibodies by natural infection [15, 16] . It was unclear whether H7N9 infection could induce heterosubtypic or broadly cross-reactive antibody responses as well, specifically in the context of preexisting immunity to seasonal influenza virus strains.
Therefore, we initiated experiments to investigate the cross-reactive antibody response in paired early and late time point sera of 18 H7N9-infected patients. Furthermore, we used assays based on HA head constructs and chimeric HAs to quantitatively assess the induction of head-or stalk-reactive antibodies upon H7N9 infection in humans.
MATERIALS AND METHODS

Serum Samples
Serum samples from 18 2013 H7N9-infected patients hospitalized at Shanghai Public Health Clinical Center were collected at the early or late infection stage as indicated in Table 1 . Noninfected control serum samples were obtained from age-matched individuals who had not experienced recent influenza virus infections (Supplementary Table 3 ). Longitudinal serial serum samples were collected from 6 individuals. Written informed consent was obtained from all participants. The overall study was reviewed and approved by the SHAPHC Ethics Committee (approval no. 2016-S021-01).
Enzyme-Linked Immunosorbent Assay
Recombinantly produced and purified HA and neuraminidase (NA) proteins were used as enzyme-linked immunosorbent assay (ELISA) substrates. Proteins were produced using the baculovirus expression system as described before [17, 18] . Detailed information regarding strains and subtypes is listed in Supplementary Table 1 . ELISAs were performed as described before. For endpoint titers, the cutoff was considered to be the mean optical density (OD) measured for secondary antibody-only wells plus 3 standard deviations. For competition ELISA assays, plates of 100-µL monoclonal mouse anti-stalk antibody GG3 at a concentration of 10 µg/mL were incubated for 1 hour before incubation with serial diluted serum as described before [19, 20] .
Hemagglutination Inhibition Assay
All serum samples were treated with receptor-destroying enzyme to inactivate nonspecific inhibitors before hemagglutination inhibition (HAI) assay testing. Two-fold serially diluted sera were incubated with 4 HA units of live virus (A/ Shanghai/4664T/2013(H7N9)), pseudotyped viruses [21] (Supplementary Table 2 ), or formalin-inactivated low pathogenic H5N1 (6:2 reassortant with HA and NA from A/ Vietnam/1203/2004 and the remaining genes from A/PR/8/34; the multibasic cleavage site of the H5 HA was removed) at room temperature for 15 minutes, then 50 μL of standardized 1% guinea pig red blood cells (RBCs) were added, and 0.5% chicken RBCs were used to place guinea pig RBCs for H5N1 [22] . After 1 hour of incubation, HAI results were interpreted. The HAI titer was defined as the reciprocal of the last dilution resulting in complete HAI.
Neutralization Assay
All pseudotyped viruses were provided by VacDiagn Biotechnology (Supplementary Table 2 ) and prepared as described previously [11] . Two-fold serially diluted sera were incubated with 200 50% Tissue culture Infective Dose (TCID50) pseudoviruses at a final volume of 100 μL at 37°C for 1 hour, then the mixture was added to culture of MDCK (Madin-Darby canine kidney) cells at 80% confluency. After overnight incubation, cells were washed with phosphate-buffered saline (PBS) and cultured in complete Dulbecco's modified Eagle's medium 
Effect of Oseltamivir on Neutralization Against Pseudoviruses in Serum
Sera from 4 H7N9-uninfected people were incubated with different concentrations of oseltamivir for 30 minutes at 37°C. Then SH13 H7 pseudoviruses were added and incubated for 1 additional hour. The subsequent procedures were the same as in the neutralization assays above. The final dilution of serum samples was 1:40.
Removal of Immunoglobin G and H7 Hemagglutinin Absorption
Sera from 4 H7N9-infected patients at the late time point were diluted and then incubated with H7 HA protein (A/ Shanghai/1/2013) overnight at 4°C at a concentration of 1:1. The diluted sera without the treatment of H7 HA protein were used as controls. After treatment, the sera were tested for endpoint titers of H3, H5, H6, and H7 HA proteins by ELISA. Immunoglobulin G (IgG) in sera samples was removed by using Protein A/G by following the manufacturer's instructions. Briefly, 50 μL of Protein A/G Agarose were added to 50-μL serum samples and incubated at 4°C overnight. Treated sera were centrifuged at 1000 g, then the IgG depleted supernatants were carefully harvested.
Statistical Analysis and Data Plotting
Geometric mean titers (GMTs) of nAbs or HAI titers were calculated by assigning a titer of half of the lowest dilution to samples with no detectable antibodies at the starting dilution. All statistical analyses and data plotting were performed in GraphPad Prism software. Statistical analysis between groups was analyzed with at test, and P < .05 was considered significant.
RESULTS
Homologous H7N9 Antibody Responses in H7N9-Infected Patients
To evaluate the induction of H7N9-specific antibody in H7N9-infected patients, we tested the HAI and nAb responses against homologous SH13 H7 virus of the sera using live virus (HAI) and pseudovirus-based neutralization assays [21] . Binding antibody titers (bAb) were tested by ELISAs using recombinant SH13 H7 HA protein as substrate. The results showed that all patients experienced robust induction of SH13 H7N9-specific antibodies at the late stage of infection, generating significantly higher values than those observed at the early infection stage ( Figure 1A ). In contrast, only marginal HAI, nAb, and bAb antibodies were detected in uninfected subjects ( Figure 1A ). Taken together, these data confirmed that H7N9 is highly immunogenic and capable of eliciting vigorous humoral responses in humans. We next determined the dynamics of nAb responses in 6 representative patients with prolonged hospitalization. All 6 patients exhibited a rapid increase in nAb responses within 20 days after disease onset, peaking at 20-40 days (Supplementary Figure 1A) . Interestingly, the neutralization activities were closely associated with binding antibody titers the early infection stage ( Figure 1B and 1D). However, no correlation between HAI titers and nAb or bAb titers was observed (Figure 1B−D) . Indeed, a previous study identified a number of non-HAI but neutralizing monoclonal antibodies from H7 vaccinated subjects [23] .
To rule out the interference of residual oseltamivir in the sera, which was administered during treatment, we examined the inhibitory effect of the sera from uninfected subjects containing different concentrations of oseltamivir. The results showed that even at a high concentration, oseltamivir failed to reach an IC80, defined as neutralizing positive in our pseudotyped virus-based neutralization assays (Supplementary Figure 1B) . Furthermore, we observed that the serum-neutralizing activities were significantly reduced after IgG depletion (Supplementary Figure 1C ). These data demonstrate that neutralization activities are primarily mediated by induced IgG and closely correlated with the bAb titers.
Heterologous H7 Antibody Responses in H7N9-Infected Patients
To determine cross-reactive immunogenicity against other H7 strains, we tested serum antibody activities against 3 other heterologous H7-pseudotyped viruses (EN96 H7, NL03 H7, and WA07 H7) (Supplementary Table 2 ). As shown in Figure 2A , high levels of nAb against all 3 heterologous H7 viruses were elicited at the late infection stage, with values significantly higher than those observed at the early infection stage (Supplementary Figure 2A) . Similarly, high levels of HAI antibody responses against these H7 viruses were observed at the late infection stage ( Figure 2B and Supplementary Figure 2B) . In contrast, all uninfected subjects showed marginal antibody responses against these H7 viruses in both HAI and nAb assays (Figure 2A and 2B) . We further analyzed the dynamics of nAb responses in 6 representative patients, and the results showed that the nAb responses to these heterologous H7 viruses were similar to the responses elicited against SH13 H7 ( Figure 2C ).
Broadly Reactive Polyclonal Humoral Responses Against Both Group 1 and Group 2 Influenza Hemagglutinin induced by H7N9 infection
We next evaluated whether the antibodies elicited by H7N9 infection could react to other influenza HAs and NAs, and then by using chimeric HAs (cHAs) and HA head-only constructs we tested against which HA domain-head or stalk-these antibodies mainly react [24] . Sera were tested for endpoint titers by ELISA that used recombinant influenza HA and NA proteins as substrate (Supplementary Table 1) , and the geometric means of antibody titers were used to create a heatmap ( Figure 3 ). Because H7N9 virus is novel to humans, the serum antibody titers against cognate H7 and heterologous H7 HAs in uninfected individuals were low at baseline ( Figure 3A) . A, Serum samples from H7N9-infected patients were collected at the early (gray; sampled within 1-2 days after admission) or late (dark) ( Table 1 ) stages of infection, hemagglutination inhibition (HAI) titers (log 2 ) were tested using live virus-based HAI assays (left), neutralizing antibodies (nAb) titers (log 2 ) were tested by pseudovirus-based neutralization assays (middle), and binding antibody (bAb) titers (log 3 ) were tested by enzyme-linked immunosorbent assay using recombinant protein SH13 H7 HA as substrate (right). Age-matched uninfected people were used as controls (red). A comparison of the antibody responses (log 2 ) between the early and late stages of H7N9 infection or in uninfected subjects were performed using paired or unpaired t tests, respectively. B, Correlation between the HAI, bAb, and nAb titers in serum samples collected at early infection stage. C, Correlation between the HAI, bAb, and nAb titers in serum samples collected at the late infection stage. D, Correlation between the induction levels (late, early) of HAI, bAb, and nAb titers in serum samples.
Because most of the infected patients and uninfected controls were primed for seasonal influenza virus, as data in Figure 3A show, antibodies against H1 (group 1) and H3 (group 2) are already high in uninfected controls. There is a similar tendency in anti-NA antibodies, as anti-N1 antibodies are the highest for group 1 NAs and anti-N2 antibodies are the highest in group 2 NAs ( Figure 3C ). These data indicate that prior infections or vaccination imprinted the immune system and induced preexisting immunity. Although H4 and H5 influenza strains are relatively exotic for humans, interestingly, anti-H4 and anti-H5 HA antibodies were also found in uninfected controls ( Figure 3A ) This low reactivity is most likely mediated by cross-reactive anti-stalk antibodies induced by H1N1 and H3N2 infection, which usually increase with age [10, 16, 19] .
After H7N9 infection, robust anti-H7 HA-specific antibodies were induced against homologous H7 HA and heterologous H7 Figure 2 . Intrasubtypic antibody responses against heterologous H7 viruses in H7N9 infected patients. A, Neutralizing antibody (nAb) titers (log 2 ) against EN96 H7 (left), NL03 H7 (middle), or WA07 H7 (right) pseudoviruses. B, Hemagglutination inhibition (HAI) titers (log 2 ) against EN96 H7 (left), NL03 H7 (middle), or WA07 H7 (right) pseudoviruses. Serum samples from 18 H7N9-infected patients were collected at the early (gray) or late (dark) stages of infection as indicated above, and nAb or HAI titers were quantified using pseudovirus-based neutralization or HAI assays. Sera from 8 uninfected patients (red) were used as controls. The rate of seroconversion (SC) of HAI or nAb against pseudotyped viruses was defined as titers ≥40 or 4-fold increases. C, Dynamic nAb titers (log 2 ) against EN96 H7 (• ), NL03 H7 (■), or WA07 H7 (▲) were quantified in patients 1, 3, 4, 7, 8, and 9 using a pseudovirus-based assay. Dynamic nAb titers (log 2 ) against homologous H7 virus SH13 H7 (red ○) were used as reference. The gray dashed line represents the geometric mean of the uninfected controls. A, Heatmap analysis of antibody titers against influenza group 1 and group 2 recombinant hemagglutinins. Serum samples from uninfected age-matched controls (with no recent infection, n = 11) and H7N9-infected patients (early and late stage after disease onset, n = 12) were analyzed by enzyme-linked immunosorbent assays (ELISAs). The geometric mean titers were used to create the heatmaps. Fold induction of late versus early time points or versus naive uninfected controls are calculated based on the geometric mean titers. B, The same set of serum samples was analyzed for HA stalk and head reactivity by chimeric or head-only constructs; influenza B HA (B/Yamagata/16/1988) was also included. The chimeric HAs were constructed with the head domain of an H4 virus and the stalk domain of an H7 strain (cH4/7). C, The same set of serum samples was analyzed for reactivity against influenza group 1 and group 2 recombinant neuraminidase proteins. D, Left: Competition ELISA assays for H1 and H5 with a monoclonal group 1 stalk-specific antibody (GG3). Area under the curve was used for antibody reactivity with or without monoclonal antibody (mAb) competition. Right: Area under the curve was calculated to indicate the antibody reactivity reduction after mAb (GG3) competition. All 12 surviving H7N9-infected patients and 11 uninfected age-matched individuals were tested. HAs ( Figure 3A) . Besides H7 HA, induction of antibodies that react with other HAs in influenza group 2 was also robust, even at the early time point ( Figure 3A) . Interestingly, antibodies reactive to group 1 HAs increased 3-10-fold in patients at late stage after H7N9 infection compared with uninfected controls. Indeed, antibodies reacting with H6, H8, H11, H12, and H18 were already increased at the early time point after H7N9 infection in case patients compared with healthy individuals. The overall induction of antibodies against influenza group 1 HAs were lower than against group 2 HAs ( Figure 3A) . However, no induction of antibodies against influenza B HA-which shares little conservation with influenza A HA-was detected ( Figure 3B ), the induction of antibodies against NA was much lower than for HA, and the induced antibodies mainly reacted with group 2 influenza NAs ( Figure 3C ). Overall, broadly cross-reactive antibodies were elicited even at the early stage of infection and primarily target HA but not NA proteins.
To further prove that H7 HA shares conserved antibody epitopes with other HAs, 4 sera from H7N9 infected patients were absorbed with H7 HA proteins, and then determined binding activities of sera before and after absorption against H3, H5, H6, and H7 HAs. As expected, the absorption of sera with H7 HA resulted in >80% reduction of binding activities against H7 HA, approximately 50% reduction for H3 and H6 HA, and a less than 40% reduction for H5 HA (Supplementary Figure 3A) . These data indicated that H7 HA does share conserved epitopes with both group 1 and 2 HAs, and the shared fraction decreases with phylogenetic distances to H7. We next investigated which part of HA was targeted by these cross-reactive antibodies by measuring for HA stalk and head reactivity using chimeric or head-only constructs. The chimeric HA was constructed with the head domain of H4 and the stalk domain of H7 (cH4/7). As shown in Figure 3B , antibodies against the H4 head and against the H7 head were only elicited at the late time point after H7N9 infection; however, that was not the case with antibodies against cH4/7, which were elicited early after H7N9 infection ( Figure 3B ). This indicates that antibodies reacting with the H7 stalk region were induced early after infection, whereas antibodies against H7 head and other HA heads in group 2 influenza were induced later.
To confirm that cross-group responses were mediated by an increase in stalk-specific antibodies, we performed competition ELISAs for H1 and H5 with a mouse monoclonal group 1 stalk-specific antibody, GG3. The binding activities before and after competition were calculated as area under the curve, and the GG3-mediated inhibition was shown as the shadow area between 2 curves (Supplementary Figure 3B) . Importantly, preincubation of H1 and H5 HA with GG3 resulted in significant decreases in bAb titers for all sera from both H7N9-infected and -uninfected subjects ( Figure 3D, left) , and significant stronger inhibitions were observed for sera collected from both the early and late stage of H7N9 infection in comparison with that observed in the control group (Figure 3D, right) . Interestingly, the GG3-mediated inhibition peaked at the early stage, and no further increase was observed at the late stage of infection ( Figure 3D, right) , indicating the GG3 epitope mainly induced memory responses.
Cross-Neutralizing and Hemagglutination Inhibition Antibody Responses to Heterosubtypic Influenza Viruses
Because our ELISA data suggested that H7N9 infection induced broadly reactive polyclonal humoral responses against both group 1 and group 2 HAs and H7N9-specific nAb correlate well with bAb, we inferred that this novel H7N9 infection might also induce cross-subtype nAb responses. We evaluated nAb responses against different pseudotyped viruses in all 18 patients (Supplementary Table 2 ) and used GMT data to create a heatmap ( Figure 4A ). Several important observations were noted. First, substantial titers of nAbs against H1, H2, and H3 influenza were detected in uninfected controls ( Figure 4A and Supplementary  Table 3) . Second, at the early infection stage, most of the sera showed increased titers of nAbs against heterosubtypic influenza viruses, except for H2 virus ( Figure 4A and Supplementary Figure 4A) . Third, at the late infection stage, nAb titers against all group 2 influenza viruses showed a robust increase, whereas the induction was much lower in group 1 influenza virus, except for H1 virus ( Figure 4A and Supplementary Figure 4A) . Interestingly, more nAb activities were observed against heterosubtypic H1, H3, H9, H14, and WA07 H7 than against homologous SH13 H7 during the early infection ( Figure 4A ), and we inferred that cross-reactive memory B cells were raised at the early stage of H7N9 infection in the same pattern as bAbs. Importantly, significant correlation of nAb with bAb was also observed for H1, H2, and H5 (Supplementary Figure 4B) . To determine the dynamics of heterosubtypic nAb responses during H7N9 infection, we monitored the neutralization activities in sera from 6 patients who were hospitalized for a prolonged period. As shown in Figure 4B , cross-subtype nAb responses were synchronized with the response to the homologous SH13 H7 virus in most individuals. Interestingly, we observed that peaks of heterosubtypic nAb responses appeared earlier than peaks for homologous nAb responses against SH13 H7 in patients 1, 3, 4, and 9. To determine whether the heterosubtypic neutralization was mediated through serum antibodies, we depleted IgG from the late-stage serum samples of 3 patients using Protein A/G and observed a substantial decrease in nAb titers against JA57 H2, VN04 H5, and HK99 H9 subtypes, respectively ( Figure 4C) . Overall, the cross-reactive nAbs against heterosubtypic HA are likely to be mediated by cross-reactive memory responses.
To assess the breadth of the nAbs in patients 3, 4, and 8, we further evaluated the nAb activities against an additional Table 2 ). Serum samples from 8 uninfected age-matched controls and 18 H7N9-infected patients collected at the early and late stages of infection were quantified for nAb titers using a pseudovirus-based neutralization assay. The geometric means of nAb titers were used to create the heatmap. Fold induction of late versus early time point or versus naive uninfected controls were calculated based on the geometric mean of nAb titers. B, Dynamics of cross-subtype nAb responses (log 2 ) in 6 selected patients. The nAb titers (log 2 ) against TE09 H1 (• ), WI05 H3 (▲), JA57 H2 (■), VN04 H5 (▼), and HK99 H9 (◆) pseudotyped viruses were quantified in the serum samples obtained from patients at different time points after disease onset. The nAb titers (log 2 ) against SH13 H7 (red ○) were used as controls for strain-specific nAb responses. C, Decreases in cross-subtype nAb responses after immunoglobulin G (IgG) depletion. Serum samples obtained from the indicated patients at the late infection stage were treated with Protein A/G, and the nAb titers were assessed against JA57 H2 (left), VN04 H5 (middle), or HK99 H9 (right) pseudotyped viruses. The dark and gray bars represent the nAb titers (log 2 ) before and after IgG depletion, respectively. D, Comparison in HAI responses (log 2 ) against SI06 H1 (middle) or FJ02 H3 (right) between early and late stage of H7N9 infection. HAI titers (log 2 ) against 2013 H7N9 virus were used as controls for strain-specific responses. A paired t test was used to calculate the P value.
panel of pseudotyped viruses, including H8, H10, H13, H15, influenza type B, 4 additional H1 viruses, and 3 H3 viruses ( Table 2 ). The results showed that patient 4 raised the broadest spectrum of neutralizing responses, including H1, H2, H3, H5, H8, H9, H11, H14, and H15, and patients 3 and 8 exhibited a less cross-reactive breadth of nAb responses (Table 2 ). In contrast, no significant HAI antibodies were induced against all heterosubtypic HAs in all three patients at both the early and late infection stages; this also holds true against H1 and H3 in all 18 patients ( Figure 4D ), whereas nAbs were significantly increased during H7N9 infection. These data suggest that cross-reactive heterosubtypic nAbs are primarily elicited to the stalk but not the head region.
DISCUSSION
Given the constant drift of seasonal influenza virus and the threat from potential pandemic viruses like H7N9, an increasing number of studies have focused on inducing a new class of antibodies that bind to the HA stalk domain [25] [26] [27] [28] . It has been shown that individuals infected with the 2009 pandemic H1N1 virus experienced a boost in HA stalk-reactive antibodies that may be responsible for the extinction of the previous seasonal H1N1 virus [12, 29] . However, H3N2 infection only stimulates modest polyclonal antibody responses directed against the conserved stalk region of group 2 HA proteins [16] . Our study represents the first comprehensive analysis of cross-reactive antibody responses induced by natural infection of humans with the novel H7N9 virus, showing that cross-group reactive stalk antibody responses can be boosted. We found substantial induction of homotypic, heterosubtypic, and cross-group reactive antibody responses in our H7N9 cohort, both at early and late stages. The homotypic H7 immune response was observed relatively late in infection and led to an increase in neutralizing, binding, and HAI active antibodies. This response was strongest against the homologous strain, and good induction of nAbs and bAbs against heterologous H7 strains was observed as well, confirming earlier reports from preclinical and clinical H7 vaccine studies that suggested broad cross-reactivity within H7 [30] [31] [32] [33] [34] . Interestingly, we also found strong heterosubtypic antibody responses after natural infection with H7N9 virus. These responses were primarily directed towards the stalk Table 3 ).
domain as shown by the absence of HAI (or increase thereof) against the tested strains, and stalk/stalk competition ELISAs. These responses were induced early during infection, indicating a recall response of preexisting immunity. Of note, this response was also exceptionally broad, crossing from group 2 to group 1 HAs and to a larger extent as seen with H7 vaccination [30, 31] . Importantly, this broad response was sufficient to neutralize viral infection. An important caveat of our data set is that it was not possible to obtain preinfection sera from the H7N9-infected individuals. H7N9-infected individuals might have had a different pre-exposure history than the noninfected age-matched controls, including possible exposure to avian influenza virus strains circulating in poultry and waterfowl. Such an exposure could have led to a different preexisting immunity in the cases than in the controls and could have skewed their antibody response to H7N9, especially at earlier time points. However, the pattern of antibody induction of infected individuals between early and late time points mostly reflects the antibody induction of infected individuals over control individuals, suggesting that there are few or no confounding effects.
The majority of infected individuals tested in this study were aged >60 years. Because influenza viruses constantly circulate in the human population, it is very likely that all individuals have been repeatedly exposed to seasonal influenza viruses (including other group 2 viruses). The breadth of the observed responses is most likely based in part on recall responses of memory B cells with specificities for epitopes conserved between seasonal influenza viruses and H7N9. It is likely that the responses would be narrower in naive individuals (e.g., children) in the absence of previous priming.
In conclusion, memory B cells that target conserved epitopes of the HA seem to get activated first, whereas B cells that target more specific epitopes take longer to mature and to dominate the response-a phenomenon that has been previously described for infections with the 2009 pandemic H1N1 virus [13, 35] . A sequential vaccination strategy using heterologous HAs or cHAs could likely induce similar responses by specifically presenting conserved epitopes in combination with novel head domains. These vaccinations could elicit broadly cross-reactive antibody responses that might universally protect against influenza viruses.
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